For decades, the European eel Anguilla anguilla (L.) population has been declining strongly despite several management attempts, so additional experiments need to be conducted on management measures. The use of freshwater protected areas has been advocated but their efficiency has never been assessed. In this study, we investigated whether the population structure and the silver eel (mature migrating stage) production differ in fished and protected areas within a marsh wetland (Brière, 7000 ha, Northwest France), using an intensive biological study (electrofishing and trapping) and a survey of the traditional fishery (licenses, questionnaires and creel surveys). First, we found that fishermen mainly targeted >320-mm yellow eels (sedentary stage) using pots and square dipping nets and that harvest by fishermen was highly variable at different locations in the study area. Secondly, we found differences in the size-class structures and mortality rates between protected and fished areas. Mortality rates of eels >320 mm was positively correlated with harvest by fishermen. Furthermore, the proportion of potentially migrating eels in the total population was found to be higher in the protected areas than in fished areas (6.38% vs. 1.42%, respectively). Thirdly, we found that protected areas potentially produce 8.4% of the total silver eel production whereas they only account for 2.4% of the aquatic habitat area. We estimated that a size adjustment of protected areas to 31.1% with maintaining the current fishery would produce 50% of the potential silver eel of a fully protected marsh. Protection of freshwater areas appears to be a promising management measure and a constructive consensual way to integrate the patrimonial and societal value of the traditional fishery and the international management plans for European eels. Furthermore, freshwater protective measures can be an effective local solution if they are integrated into the framework of freshwater biodiversity 
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Based on questionnaires, we calculated the number of eels caught during this month by 148 multiplying the number of fishermen with the mean (± SE) number of each gear per 149 fishermen and with the mean (± SE) catch per unit effort for of each gear and then the 150 total number of catches was extrapolated from the survey results for the whole year. 151
152

Eel population survey 153
Sampling 154
The eel population was sampled in 2004 and 2005 using trapping and 155 electrofishing ( Figure 1 and Table 1 ). Trapping at randomly chosen locations was used to 156 assess population parameters (i.e., size-class profiles, proportion of silver eels and sex 157 ratio) in restricted locations of the protected and fished areas. It was conducted using fyke 158 nets (two wings 1.2 m high and 3 m long directing the fish into the 2 m long and 50 cm 159 diameter chamber of 5 mm mesh) and fishermen eel pots (1.5 m long with 1.0 x 0.4 m 160 frames and 10 mm mesh). All trapping data (fishermen creel and scientific surveys) 161 were pooled to increase the number of eels sampled (Table 1) released into the water. Given that some differences might occur in the selectivity of 177 trapping gear in relation to different mesh sizes, only eels longer than the modal body 178 size (i.e., TL = 320 mm) were used for further analyses (Naismith & Knights 1990; 179 Knights et al. 1996) . Given that elvers (post larval stage stage, <150 mm, n = 32) have 180 only colonized the drainage during the current year and have a higher downstream 181 abundance, they were removed from the data set obtained by electrofishing to avoid any 182 biases in the analyses. Where nonparametric tests showed no difference, data collected in 183 2004 and 2005 were combined with respect to the sampling method (trapping and 184 electrofishing). 185
186
Population parameters 187
The total mortality rate per year (Z) was calculated in the protected and fished 188 areas using the age-size relationship established in a nearby and very similar ecosystem 189 (at 60 km distance in Grand-Lieu lake; Adam 1997). Assuming that Z remains constant 190 throughout the life of the cohort and that the population is in a state of equilibrium, Z was 191 calculated for fish under full exploitation, i.e. individuals submitted to the fishery from 192 age-5 to age-7 without seaward emigration, using the following formula (see Sparre & 193 Venema (1998) for details): 194
where N (age=5) is the number of individuals of age 5 entering the fully exploited phase, 196 N (age=7) is the number of individuals of age 7 (end of the fully exploited phase), t is the 197 time in year and Z the total mortality rate expressed in percentage of individual per year. 198
The mortality rate calculation was performed at the study area scale (i.e., protected vs. System (source Parc naturel regional de Brière). 240
Next, we used the mortality rates estimated in protected and fished areas and the 241 estimated eel stock under exploitation (eels > 320 mm, see results section) to evaluate the 242 fishing mortality based on scientific data. We used the formula: 243
where Z is the total mortality, F is the fishing mortality and M is the natural mortality and 245 making the assumption that recruitment and population parameters were similar in 2004 246 and 2005 (see section on population parameters). Thus, in the protected areas, the fishing 247 mortality was assumed to be zero (F = 0) and thus resulting in M = Z. For the calculation 248 of F at the fished areas, the M value was subtracted from the Z value in order to obtain 249 the fishing mortality (F = Z -M). The number of eels caught by the fishery (N F ) was 250 estimated using the following formula and equations (1) and (2): 251
where N F is the number of eels that died from fishing mortality, N (age=5) is the number of 253 individuals of age 5 entering the fully exploited phase and t is the average number of 254 years an eel is experiencing exploitation (i.e., 3 years). Next, estimated N F was compared 255 qualitatively to the results obtained from fishermen questionnaires. Finally, silver eel 256 production was derived from the estimated eel stock and the proportion of silver eels in 257 both protected and fished areas. All estimates (number and biomass of eels) and their 258 and pikeperch Sander lucioperca). The eel fishery was composed of 48 fishermen using 268 pots, 87 using square dipping nets and 60 using spears. In total, 75 fishermen responded 269
to the questionnaires and provided data, including 28 using pots, 43 using square dipping 270 nets and 26 using spears, i.e., approximately one-half of the total number of fishermen for 271 each gear. Furthermore, the set of fishermen that responded to the questionnaires did not 272 differ significantly from the whole eel fishery (Chi-square, d.f. = 2, χ² = 0.797, P < 0.671). 273
Based on these questionnaires, we estimated that 23 892 eels (18 206 to 29 578 ranging 274 from lowest to highest estimation) were caught in 2005. Given that the mean weight of 275 eels kept by fishermen was 127.7 g (± 5.7 S.E.), the estimated total biomass of eels kept 276 was 3052 kg (2222; 3947). 277
Based on the spatial distribution of the fishing activity, we found that harvest by 278 fishermen (in eel·ha -1 ) varied largely between zones and gears ( Figure 2 ). The highest 279 harvest by fishermen was found in the southern part of the GBM (zones 3 and 4) for all 280 gear types, and the northern part of the GBM (zones 1 and 2), which was mainly fished 281 with pots. The lowest harvest by fishermen occurred in the eastern part (zones 5, 6, 7 and 282 8; Figure 1 and Figure 2 ). Because fish spears accounted for a restricted part of the 283 catches (5%), data related to this gear have been removed from the analysis of targeted 284 eel size-classes per gear type. Based on creel surveys, fishermen using pots and square 285 dipping net caught eels from 240 to 760 mm total length and 33.5% of the total eel 286 captures (n = 257) were released by fishermen. The size distribution differed between 287 released and kept eels (Kolmogorov-Smirnov two-sample test, KS = 0.678, P < 0.001) 288
and released individuals were on average smaller than those kept (Mann-Whitney test, U 289 = 13.950, P < 0.001). Fishermen released on average 79.4% (± 5.1 S.E.) of smaller eels 290
(from 240 to 320 mm) and kept a high ratio (up to 60 %) of eels measuring more than 291 320 mm. From 420 to 620 mm, all eels (100%) were kept. Interestingly, some fishermen 292 tended to release some of the larger eels (Figure 3) . Thus, based on their size, eels were 293 classified into those untargeted and targeted by the fishery using the 320 mm threshold. 294
295
Eel population characteristics 296
In 2004 and 2005, we captured 1868 eels: 681 by electrofishing, 921 by trapping 297 and 266 during the fishermen creel surveys (see Table 1 We also found that the differences in abundance between untargeted (TL < 320 mm) and 308 targeted (TL > 320 mm) eels were positively correlated with the harvest by fishermen 309 from protected to highly fished zones (Linear regression, R² = 0.51, P = 0.021, n = 10, 310 Figure 5 ). Based on data collected by trapping, we found that the proportion of silver eels 311 was higher in protected than in fished areas (Fisher's exact test, P = 0.003). Indeed, 312
12.83% of eels > 320 mm (n = 265) caught in protected areas presented silvering criteria 313 (i.e., ocular hypertrophy and differentiation of the lateral line) whereas only 2.86% (n = 314 102) presented these criteria in fished areas. Thus, the proportion of silver eels was 4.5 315 times higher in protected areas than in fished areas. The proportion of silver eels in eels 316 greater than 320 mm in length did not differ in fished area between data from 317 electrofishing (4.65%, n = 86) and trapping (Fisher's exact test, P > 0.5). The proportion 318 of silver eels was 1.42% (i.e., 4/282) when all size-classes from electrofishing were used 319 in the fished areas ( Table 2 ). The proportion of silver eels in the protected areas reached 320 6.38%. The sex-ratio of silver eels was largely biased towards females: 1/37 by trapping 321 and 0/5 by electrofishing, with no differences between fished and protected areas and 322 sampling methods (Fisher's exact test, P > 0.05, Table 2 ). Silver eels had an average 323 weight of 585.4 g (± 46.8 S.E., n = 29), a mean length of 675.8 mm (± 17.5 S.E.), and a 324 mean condition factor 0.18 (± 0.01 S.E.). 325
326
Stock assessment, fishing mortality and silver eel production 327
The mean estimated eel density was highly variable between zones (234.2 ind.ha Table 3 for details). Based 330 on equation (3), the total mortality rates in protected and fished areas and the stock 331 assessment of eel under full exploitation, we estimated that total harvest by fishermen 332 accounted for 10630 eels (5231 to 16994). Based on the proportion of silver eels 333 calculated in fished and protected areas, we estimated the silver eels production to be 334 1961 (1431 to 2000) individuals.year -1 , with a mean production of 11.3 and 3.1 silver 335 eel·ha -1 in the protected and fished areas, respectively. Thus, the mean production of 336 silver eels in a protected area would be 3.6 times higher than in the fished area. The 337 production of the protected areas, that cover 2.4% of the total aquatic area (596.6 ha), 338 would represent 8.4% (± 0.43 S.E.) of the silver eel biomass produced in the whole study 339 area. We estimated that a fully protected GBM would produce 6742 silver eels (596.6 340 ha·11.3 eel·ha -1 ). The GBM is currently estimated to produce 1961 silver eels, thus the 341 fishery activity currently is estimated to remove approximately 71% of the silver eel 342 production of a fully protected GBM. Then, it is possible to estimate the surface of 343 marshes to be protected, in accordance with a management objective. For example, 50% 344 of the potential eel biomass of a fully protected GBM would represent 3371 silver eels. 345
Considering that the protected area would always have a mean production of silver eels 346 3.6 times higher than those in the fished area (i.e., 11.3 and 3.1 silver eels·ha -1 , 347 respectively), 3371 silver eels could be produced with 31.1% of the GBM protected. guaranteeing a local production of silver eels and maintaining a traditional fishery 359 activity. Indeed, the protected area showed a mean production of silver eel (ind·ha -1 ) 360 around 3.6 times more than the fished areas and 2.4% (14.6 ha) of protected area in the 361 GBM produces 8.4% of the current silver eel production (in biomass). Consequently, a 362 size adjustment of the protected areas to 31.1% (185.5 ha of aquatic habitat) with 363 maintaining the current fishery in the remaining parts might produce 50% of the potential 364 eel biomass of a fully protected Grande Brière Mottière. This could be a management 365 target usable by local managers. Nevertheless, the optimal size of protected areas is 366 difficult to estimate because the consequences of the protected areas extension have never 367 been thoroughly investigated to establish valid rules for the design of freshwater 368 protected areas (size, connectivity, location, land covered, etc.), or the creation of new 369 habitats (ditches) in the existing protected area. Another crucial point is that we do not 370 know the proportion of individuals that escape from the silver eel fishery when they 371 migrate seaward and reach safely the spawning area as well as the level of eel movements 372 between protected and fished areas within the marsh. Because the management of the wide panmictic European eel population is particularly 382 complex (such a challenge has never happened before), it faces some highly variable 383 socio-economic and legislation constraints. Therefore, case-adapted management options 384 with respect to usages, properties and histories, must be considered to significantly 385 increase silver eel production. The use of local freshwater protected areas appears to be a 386 relevant way to reconcile these aspects and to respond to both global management 387 constraints and local fisheries subsistence. 388
389
Contribution of small coastal marshes to the European eel population 390
Small coastal marshes contribute to the overall growth and reproduction of the 391 European eel population by precise quantification remains impossible. In the present 392 study, we estimated that a single marsh on the European Atlantic coast (GBM 7000 ha 393 total area) supports a sub-population of about 130 000 eels and potentially produces 394 about 1961 silver eels per year, almost exclusively composed of females. Coastal marshes 395 cover 230 000 ha of land on the western French coast (Feunteun et al. 1992 ). Given our 396 findings in the present study, it can be assumed that these ecosystems produce a 397 significant number of female silver eels. Moreover, eels produced in coastal marshes are 398 exposed to fewer hazards than those in rivers because such marshes are not equipped with 399 
